We demonstrate the use of laser-induced forward transfer (LIFT) in combination with a novel donor replenishment scheme to print continuous copper wires. Wires of mm length, a few microns wide and submicron in height have been printed using a 800 nm, 1 kHz repetition rate, 150 fs pulsed laser. A 120 nm thick copper donor was used along with laser pulse energy densities of 0.16-0.21 J cm −2 to print overlapping few-micron sized pads to form the millimeter long wires. The wires have a measured resistivity of 17 ± 4 times that of bulk copper. 
Introduction
The ability to print continuous wires of metals, such as copper, is important for a wide variety of scientific and technological applications. Current metal deposition techniques include sputtering [1] , evaporation [2] and chemical vapor deposition [3] , but these lack the ability to achieve micron-scale spatial resolution for patterning without additional processing steps. Other methods for surface patterning of metals and other materials, such as e-beam lithography [4] and focused ion beam assisted deposition [5] , are generally very timeconsuming due to the requirement of processing under vacuum conditions. An alternative technique, laser-induced forward transfer (LIFT), can be used to directly print metals via transfer from a thin-film donor to a nearby receiver using ultrashort laser pulses [6] [7] [8] . In most LIFT processing, the thin-film donor is deposited on a transparent carrier, which is used for support.
Owing to its simplicity, LIFT has gained significant attention during the last decade [9] [10] [11] for printing of materials such as metals [12] [13] [14] [15] , superconductors [8] , polymers [16] , and biological substances such as DNA [17] and proteins [18] . LIFT transfer can occur via a range of physical phenomena that includes pressure build-up [19, 20] , melt-through [21] or the use of sacrificial layers [22] , where the process depends on the desired end application and the nature of the donor material to be transferred. When using film donors of ~1 µm thickness, LIFT occurs by vaporization of the surface region at the donor-carrier interface, with the resultant pressure buildup propelling the donor pellet (often referred to as the flyer [20] ) towards the receiver, whereas for thin films (typically <50 nm for chromium), using optimized laser pulse energy densities, transfer can occur solely by melt-through of the entire donor source film. Under certain conditions, after appropriate process optimization, only the central region of the melted donor film can be transferred, resulting in a sub-µm diameter pad, even though the melted region can be approximately one order of magnitude larger, hence allowing printing of features that can be ~100 times smaller in area than the spot-size of the incident laser pulse [11] .
Ultrashort pulse lasers can operate at repetition rates that span many 10's of MHz for pulse energies of order a few nJ, to the ~1 kHz rate for ~1 mJ pulses. For most LIFT processing, the typical energy fluence required is between 0.1 -1 J cm −2 at the donor surface, which leads to LIFTed features that have maximum areas of ~10 −3 cm 2 when using single pulses. The benefit of high repetition rate printing is that features such as pads with an area equivalent to ~1 cm 2 or wires of 100 µm x 1 m could theoretically be printed in only 1 s. As has been convincingly shown by Willis and Grosu [11] , there is considerable material damage incurred to the donor when transfer is by melt-through. As shown in the schematic in Fig. 1 , a sufficiently large distance must be introduced between subsequent depositions so that LIFT is not attempted from previously exposed donor areas. In practice this may be of order one spot diameter, but even then, in our experience, precise forward LIFT does not always occur. Although printing of copper lines [6] has previously been demonstrated using LIFT, (in fact Cu was one of the very first published LIFT results), wires were LIFTed from a single composite carrier + donor + receiver sandwich structure. Inevitably this method of printing wires results in both defects and discontinuities as splashing can occur from the molten metal impinging on the surface of the receiver. What is needed is a scheme of donor replenishment, whereby fresh donor can be supplied to fill in gaps within the previously printed regions, thereby ensuring continuous features with the correct amount of infill and overlap. Oosterhuis et al. [23] have demonstrated the fabrication of 1 cm long, ~20 µm wide and over 1 µm high copper wires using picosecond LIFT. In this work, we demonstrate the fabrication of millimeter long wires with few micron-scale width and submicron scale height using femtosecond LIFT.
Experimental
Single ~150 fs laser pulses from a tunable ultrafast Ti:sapphire laser system operating at a central wavelength of 800 nm and a maximum average pulse energy density of ~0.2 J cm −2 were used in the work presented here. The laser operated in manual triggering mode, with one pulse triggered every 25 ms. A 1 mm diameter circular aperture was positioned in the path of the beam to produce a beam with a clipped-Gaussian spatial intensity profile, which was then focused onto the carrier-donor interface using a 50 x magnification microscope objective lens (Nikon, N.A. = 0.55) to produce a spot size of the focused pulse with a diameter of 6 µm.
The donor consisted of a transparent silica slide with one face coated with 120 nm of copper using thermal evaporation, while the receiver was an uncoated transparent silica slide. The donor and the receiver were separated from each other using 3 µm thick Mylar as a spacer, which resulted in ~1 µm diameter copper pads produced with single pulses. The copper-coated carrier and the receiver were placed on a computer-controlled 3-axis stage to allow accurate position of the donor and receiver in the path of the laser pulse. The donor and receiver were translated together at a velocity of 0.4 mm s −1 to allow the printing of one copper pad every 10 µm. This lateral separation between each transferred area on the donor was to allow a new undisturbed region of the donor to be used in the LIFT process [7] (see Fig. 1 ) thus enabling printing of ideally similar ~1 µm copper pads. Following this first printing run, both the donor and the receiver were translated back to the original position and then the donor was translated 25 µm laterally relative to the line of pads on the receiver so that an unused region of the donor could be used for the next print run. In addition, the receiver was translated by 0.5 µm with respect to the laser focus, in the direction of the printed line, before a new set of pads were printed, so that every new copper pad would overlap the previous one by 0.5 µm, if we assume each pad was 1 µm in diameter, hence leading to two connected pads (see Fig. 2 ). After 10 sets of replenishments, a 1 mm line of connected ~1µm pads was produced to form a 1 mm long wire. The use of the described donor replenishment scheme is essential, as without this approach, the printed copper pads would vary significantly in size and shape, thus leading to the formation of discontinuous copper wires. Subsequently, the printed copper wire was imaged using a Carl Zeiss SMT, Inc., Evo® scanning electron microscope (SEM). and 0.21 J cm −2 respectively, each formed using a single pulse. For the conditions outlined here, the pad formed in (a) has little splatter and has a maximum diameter of 1.7 µm, while the pad in (b) is dispersed and has an irregular profile extending to ~2.5 µm. The mean of the maximum diameters of the pads at 0.16 J cm −2 was 1.6 µm with a standard deviation of ± 0.4 µm, while the mean of the maximum diameters of the pads at 0.21 J was 2.8 ± 0.5 µm. Using a KLA Tencor P-16 Stylus Profiler, the mean of the maximum heights of the pads for 0.16 J cm −2 pulse energy density was measured to be 272 ± 14 nm, while at 0.21 J cm −2 pulse energy density, this value was 203 ± 15 nm. From microscope images taken of the donor (see inset to Fig. 3 ), in the region in which the laser spot is focused on the copper donor, little copper remains after the LIFT. At lower energy densities not reported in this work, a significant amount of the material can remain on the donor, which is the case in the schematic in Fig. 1 . The percentage of copper that is successfully transferred to the receiver as a pad in the LIFT process at a laser pulse energy density of 0.16 J cm −2 is ~35%. The results of printing continuous wires of copper using different laser pulse energy densities and center-to-center pad separation are shown in Fig. 4 . The figure shows a continuous wire printed using a laser pulse energy density of 0. . This is due to the reduced pad overlap in the production of the wire in (a). This is also evident at a higher pulse energy density of 0.21 J cm −2 , the width of the wire at 1 µm center-to-center pad separation (c) being 2.5 ± 0.5 µm, whereas the width of the wire at 0.5 µm center-to-center pad separation (d), is 3.3 ± 0.3µm. At a pulse energy density of 0.21 J cm −2 , the wires are much wider compared with the equivalent center-to-center pad separation at a lower pulse energy density of 0.16 J cm −2 for the equivalent pad separation. The larger pad diameter, wire width and greater splatter at higher pulse energy density is due to a greater volume on the donor being above threshold for LIFT and the LIFTed copper moving at higher speed. Using the Stylus profiler, the mean height of the wire shown in (a) was measured to be 833 ± 64 nm, while for (b) was 1083 ± 250 nm, (c) was 828 ± 93 nm and (d) was 1018 ± 117 nm. Although at 0.21 J cm −2 laser pulse energy density the pads are broken, since the mean diameter of the pads is greater than twice the center-to-center pad separation of 1 µm, then the pads will overlap each other a multiple of times by varying amounts during the printing of the wire, thus leading to a continuous wire of copper. In addition, a pad undergoing LIFT will be partly printed onto other pads rather than onto a virgin flat glass surface (as in the case of pads in Fig. 3 ), thus resulting in slightly different pad formation and wire width. Figure 5 shows a top-view SEM image of the entire copper wire we were able to produce with a laser pulse energy density of 0.16 J cm −2 and a 0.5 µm center-to-center pad separation. This is the smoothest, narrowest wire that has the least amount of splatter that we were able to produce. The image shows a continuous 1 mm wire of copper on a transparent silica slide, with an inset to the figure showing a zoomed-in image of the copper wire. The total time taken to produce the wires was 10 minutes, which was dependent on the speed of stage translation, the length of the wire, the size of the pad, the center-to-center pad separation and the size of the ablated region on the donor. During probe measurements described in section 3.2, the wires remained intact unless the probes were moved across the wires, in which case the line would break and the piece of the wire that was in contact with the probe would break away from the wire. 
Results and discussion

SEM images
Electrical characterization
To verify the structural continuity of the copper wire shown in Fig. 5 , the resistance of the wire was measured using an Agilent 4155C Semiconductor Parameter Analyzer with a Cascade Microtech DC probe station. A single measurement gave the resistance as 238 ± 9 Ω and the resistivity, ρ, is calculated using
, where R is the resistance, A is the crosssectional area and L is the length of the wire, and is calculated to be 3.2 ± 0.7 x 10 −7 Ω m, which is 17 ± 4 times larger than the resistivity of bulk copper (1.72 x 10 −8 Ω m). We attribute this difference to the fact that we have assumed a constant cross-sectional area of the wire in our calculations, which has been calculated from Stylus Profiler measurements, as a full measurement would be impractical. In practice, due to the fabrication process, and as evident in the presented SEM images, the wire width and height can vary considerably (~23%) and can include narrow regions (see Fig. 4(a) for an example), which will increase the local resistivity of the wire. An important point to note here is that there was no conductivity detected between the wires. Future work will concentrate on the optimization of the fabrication process and should hence improve the wire quality. However, such an increased value of resistivity is expected, given the large number of pads (2000) that we combined together to produce the wire in Fig. 5 , as each pad may well have additional undesirable copper oxide (an electrical insulator) as an impurity constituent, which would certainly contribute to the local resistance. The copper oxide is present on the surface of the donor before LIFT and will form on the surface of the droplet during and after LIFT. Indeed, EDX (energy-dispersive X-ray spectroscopy) analysis of the copper wire has shown that the ratio of copper atoms to oxygen atoms was 2:1, thus indicating a significant amount of copper oxide present. To date, alternative methods such as ink-jet printing of copper have produced 40 µm wide wires with resistivities 1000 times that of bulk copper [24] and the laser direct write of silver nanoparticle inks has produced wire widths of approximately 20 µm, with resistivities 5-10 times that of bulk silver [25, 26] .
Conclusion
In conclusion, we have demonstrated the successful fabrication of continuous copper microwires using femtosecond LIFT with automated donor replenishment. One of the 1 mm wires we have printed is ~800 nm high and ~1 µm wide. At a laser pulse energy density of 0.16 J cm −2 , the pads were smaller with the least amount of splatter compared with pads produced using 0.21 J cm −2 laser pulse energy density, leading to narrower copper wires. Future work will concentrate on the optimization of the overlap parameters as well as reducing the amount of splatter. The results published here could lead to rapid microstructure fabrication of
